A method for pole figure measurements in textured samples using neutron diffraction and a position sensitive detector is described. The position sensitive detector allows one to record the whole 2-spectrum ofone sample position simultaneously, i.e. in reasonable time. The availability of the complete 29 spectrum allows separation of overlapping peaks by a deconvolution process.
INTRODUCTION
The texture of a polycrystalline material is the orientation distribution of its crystallites with respect to a sample fixed reference system e.g. rolling plane and rolling direction in metallic materials or mesoscopic and macroscopic fabric co-ordinates in geological samples. Textures ofmaterials are of two-fold interest. First, the texture determines the orientation dependent mean values of anisotropic properties in polycrystalline samples e.g. the strength of a material in various sample directions or the Youngs modulus and hence the sound velocity in rocks. Secondly, the texture depends on the history of the material such as plastic deformation, phase transformations and recrystallization. The texture can thus be used as an indicator for the history of a material. This latter aspect is especially relevant in geology where it provides information about processes which have taken place millions of years ago.
The most commonly used experimental data in texture analysis, besides orientation measurements of individual crystallites e.g. on the universal stage microscope, are pole figures. These are the orientation distributions of specific crystal directions, the normals to reflecting lattice planes (Wassermann and Grewen, 1962) . Since an individual pole figure in general does not allow distinction between crystal orientations obtained by a rotation about the normal to the reflecting lattice plane, it needs a certain set of pole figures (the number of which increases with decreasing crystal symmetry) in order to determine the orientation distribution function of the crystallites.
In the earlier texture studies pole figures have been interpreted qualitatively in terms of crystal orientations by looking at peak intensities in the pole figures belonging to different directions (hkl) of one and the same crystal orientation. Pole figures were thus interpreted qualitatively in terms of so called "ideal orientations" (Wassermann and Grewen, 1962) . Recently, methods have been developed to calculate quantitatively the orientation distribution function from several pole distribution functions (pole figure inversion). These methods are no longer restricted to a few ideal orientations, rather they consider the texture as a continuous orientation distribution function (for a short summary see Bunge, 1981) . The experimental starting point of these calculations are quantitatively determined pole distribution functions (pole figures) the number of which must be the larger the lower the crystal symmetry.
Pole figures have usually been measured by X-ray diffraction. They can, however, also be measured by neutron diffraction using very similar methods to those used in X-ray diffraction. The main advantages of neutron diffraction result from the lower absorption of neutrons with respect to X-rays in most materials. This allows much bigger sample volumes to be transmitted, and this in turn increases the crystallite statistics and thus provides much more accurate and statistically more relevant results compared to X-ray measurements.
The pole figure inversion method has first been applied to metals having high symmetries and small unit cell parameters. In this case the needed pole figures are well separated with respect to the Bragg angle 0. The usual method used to measure pole figures is to fix the detector at the appropriate 20 position, the width of the receiving slit A20 being large enough to cover the whole diffraction profile of the peak (hkl) The use ofa position sensitive detector leads, however, to different geometrical conditions to those used in conventional pole figure measurements. It is thus necessary to use a modified pole figure scanning schedule which will be described in the following.
THE NEUTRON DIFFRACTOMETER
The diffractometer used for the measurements was the two-axis diffractometer DIB (Allemand et al., 1975) of the Institut Laue-Langevin at Grenoble, a schematic drawing of which is shown in Figure 1 . A flux of monochromatic thermal neutrons is provided by a neutron guide and a pyrolytic graphite (0002) monochromator which selects a wavelength of 2 2.522 , the higher order harmonics being suppressed by a graphite filter (Loopstra, 1966) . The counting stability of each cell is estimated to be better than 0.3o over several days. With a measuring time of 9 minutes for each angle setting, an accuracy of the intensity measurement of about 0.5 was possible. The resolution of the instrument depends both on beam and monochromator characteristics (Gaglioti et al., 1958 ) and sample size. With a 10 mm diameter sample, the full width at half maximum (FWHM) is minimum at low angle (FWHM~0.40 (20) THE EULERIAN CRADLE A Eulerian cradle which can be rotated around the co-axis is mounted on the diffractometer (Figure 2 ). The cradle allows the sample to be rotated about two angles X and cp (Figure 2) . The cradle has a shadow range of 38 at the side of the incident beam and of 27 at the side of the reflected beam (the two sides can, however, be exchanged by a 180-rotation (Figure 3 ).
When measuring pole figures one by one with peak maximum geometry aparatus, the plane of the x-rotation is chosen such that it contains the diffraction vector i.e. the bisectrix between incident and reflected beam. In the multicounter mode this is only possible for one specific reflection at the angle 29m (Figure 4 ) which may be chosen as the middle of the 2;9-range to be used. 
THE SCANNING OF THE POLE FIGURES
The plane of the z-motion in the sample position tp 0 is chosen as the reference plane of the pole figure (Figure 5a ). The position of the diffraction vector in the pole figure is described by the angular coordinates 0t and fl as is shown in Figure 5b . We consider the pole figure corresponding to a reflection at 2;9i. In the position of the sample ;t 0, t# 0 the diffraction vector is at the point D with the coordinates ;9i co, fl 0 as is shown in Figure   6 (compare Figure 4) . where flo is in the range 90 < flo < 270.
The two cases 9 > to and 9 > to are better illustrated in Figure 7 which is rotated through 90 with respect to Figure 6 .
Varying the angles ;t and q in the complete range 0 < < 360 and 0 < q < 360 does not yield the complete pole figure. In the general case, only the hatched area in Figure 8 is obtained. On the other hand the same point fl FIGURE 5 Definition of the projection plane of the pole figure. (a) The projection plane (fixed to the sample) is the plane of the ;t-motion in the sample position ;t 0, q 0. A rotation of the sample through 90 about the dashed axis leads to the second setting (compare Figure 11) . of the pole figure can be obtained by two different settings of the sample {)q} {-),q + 2,8o} (5) as is shown in Figure 9 .
Because of the use of the multidetector all pole figures in the range 91 < qi < 92 are scanned at the same time i.e. with the same scanning pattern in X and tp. Because of the relations between ;t,tp and ,fl this gives rise to different scanning patterns in the various pole figures. In order to minimize the measuring time with a required angular resolving power, the pole figure points ,fl should be homogeneously distributed over the whole area of the pole figure. Because of the blind area shown in Figure 8 this is, in general, not possible for all of the pole figure at the same time. One can, however, choose an equal area scan in ;t, which leads to an equal area scan in 0,fl for the "central" pole figure qi to. One possible coverage of an equal area scan after Morris (pers. comm.) is shown in Figure 10 . In order to obtain points in the blind area (without removing the sample from its holder on the tp-shaft) it is necessary to vary also the angle to in the range 91 < to < q2-An equal area scan of the blind area of the 92-pole figure is obtained for example by replacing ;t with ,92 -to in the schedule of Figure   10 , tp being the same as before and ;t 0. This is shown in Figure 11 . When to varies in the range 92 < to < 9, then the whole blind area of the q2-pole figure is obtained. At the same time points in the blind areas of all the other pole figures, the q-values of which are in the range q2 < q < q, are obtained, although not in an equal area mode. Another method to obtain points in the blind areas is to remove the sample from the tp-shaft and to rotate it through 90 about the axis perpendicular to the tp-axis which is indicated by a dashed line in Figure 5 . The blind area of the first sample setting (Figure 8 ) will then move into the centre of the pole (Figure 11) which can be measured with the above mentioned method.
blind area ].setting 2.setting FIGURE 11 Points in the blind area can be obtained by an o-tp-scan in the first sample setting or by ;t-tp-scan in the second sample setting.
THE ANGULAR RESOLVING POWER
The angular resolving power in the pole figure is defined by the angular ranges A and Aft through which a single crystal sample can be rotated without the reflected beam leaving the receiving slit. This corresponds to the angular range of orientations in an aggregate which reflect during a given measurement. We consider a rotation of the sample through the two angles o and (Figure 12) . A possible rotation Ato of the sample is determined by the divergency of the incident beam which, in turn, can be estimated from the half-maximum width in 2;9 of the reflections. With the dimensions of the diffractometer shown in Figure and \ incident FIGURE 13 The "window" by which the pole figure is scanned.
Ay 11 (2,9 20) A 5 (20 50 (8) Hence, the height of the detector slit is the determining quantity for the resolving power of the method. The rotation A, takes place about the incident beam I (Figure 13 ) (compare also Figure 4 and Figure 7 ). The rotation Aco is about the axis Q Q'. The shape of the window by which the pole figure is scanned is thus shown in Figure 13 . It is rather small in one direction but large in the other one. For a sample with not too sharp a texture this resolving power is adequate but is insufficient for sharper textures. In this ease higher ,9-angles must be used or the height of the detector slit must be reduced.
POLE FIGURE SEPARATION
As an example the neutron intensity as a function of 0 for one sample position Z,q is shown in Figure 14 for a sample of triclinic plagioclase feldspar with a large number of reflections. As the indexing of the peaks shows there is partial or complete overlapping of different diffraction peaks even in the low -range. The problem then arises to separate the corresponding pole figures.
It is a great advantage of the present method that it allows the use of two different and independent procedures for pole figure separation.
Peak separation in 0
Part of the 0 scan of Figure 14 is shown in an enlarged scale in Figure 15 . It is seen that there is a partial overlap of at least two diffraction lines (020) and (001 Bragg angle 
The 
Since, in this method, the pole figure is determined by integrated intensities rather than peak height measurements the counting statistics are better for a given time interval and the method is directly comparable to quantitative X-ray single crystal diffractometry.
Pole density separation in fl Partial overlaps, as shown in Figure 15 , can be separated by the method described in the section above. There are, however, other overlaps such as (130) + (112) or (10)+ (13i)+ (200) in Figure 16 which are so close that it is not possible to separate them in the 9-scan. Overlapped pole figures of this kind can be separated if one takes the complete distribution in fl into account. The principle of this separation is shown in Figure 17 . Although the two pole figures Jl(t ) and J2(g fl) are so close together that they cannot be separated in 9 they are quite different in g and ft. The two distributions J (t) and J2(g) must be consistent with the distribution in all the other pole figures. Because of the crystallographic relationships between them the various pole figures of a texture are not independent of each other. Rather, they are interrelated in such a way that they are different two-dimensional projections of the same three-dimensional orientation distribution function. This method of pole figure separation has been worked out in terms of the series expansion method of texture analysis (Bunge, 1969) . The combination of the two separating methods thus allows the extraction of the maximum information from the experimental data. Bragg angle 0 
CONCLUSION
The method outlined above takes into account the maximum information which can be obtained by a diffraction experiment from a textured polycrystalline sample because complete spectra are measured over the Bragg angle ;9.
The use of a position sensitive detector allows the spectra to be measured in a reasonable time. And finally, neutron diffraction, because of its lower absorption coefficient, allows one to use a sufficiently large sample compared with grain size. The method is thus very well suited for the determination of textures in materials having complex diffraction spectra i.e. materials with low symmetries and large unit cell parameters as they frequently occur in geology.
We are in the process of applying the above mentioned method to a specimen of anorthosite mylonite with triclinic crystal and triclinic specimen symmetry.
